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Abstract: We investigate the possibility that the Peccei-Quinn phase transition occurs at
a temperature far below the symmetry breaking scale. Low phase transition temperatures are
typical in supersymmetric theories, where symmetry breaking fields have small masses. We
find that QCD axions are abundantly produced just after the phase transition. The observed
dark matter abundance is reproduced even if the decay constant is much lower than 1011
GeV. The produced axions tend to be warm. For some range of the decay constant, the effect
of the predicted warmness on structure formation can be confirmed by future observations
of 21 cm lines. A portion of parameter space requires a mixing between the Peccei-Quinn
symmetry breaking field and the Standard Model Higgs, and predicts an observable rate of
rare Kaon decays.
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1 Introduction
The CP violation in QCD [1], expressed by the so-called θ parameter, is extremely small -
θ < 10−10 [2]. The smallness of the CP violation is elegantly explained by the Peccei-Quinn
(PQ) mechanism [3, 4]. One introduces a spontaneously broken global symmetry which is
explicitly broken by the QCD anomaly, and predicts a pseudo-Nambu-Goldstone boson called
an axion [5, 6]. For a large enough symmetry breaking scale, the axion is stable and a dark
matter candidate [7–9].
Two production mechanisms of axion dark matter in the early universe are widely rec-
ognized. One is the misalignment mechanism [7–9], where the displacement of the axion field
from the vacuum turns into oscillations which behave as dark matter. Another is the emission
of axions from the string-domain wall network produced after the spontaneous breaking of
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the PQ symmetry [10–13]. Both mechanisms require that the axion decay constant fa is large
- fa
>∼ 1011 GeV. (The estimation of the abundance in the latter mechanism assumes a scaling
law of topological defects. See [14–16] for a possible violation as well as [17] for results that
contradict this violation.)
In this paper, we point out a new production mechanism for axion dark matter under the
assumption that the phase transition temperature of the PQ symmetry breaking is far below
the symmetry breaking scale. We find that axions are abundantly produced via parametric
resonance arising from oscillations of the symmetry breaking field [18–21] after the phase
transition. Since the phase transition temperature is low, the produced axions are not ther-
malized and remain as dark matter. The axions produced from the late time phase transition
can explain the observed dark matter abundance even if the decay constant is much smaller
than 1011 GeV.
Low phase transition temperatures are natural in supersymmetric theories. This is be-
cause the radial direction of the PQ symmetry breaking field, commonly called the saxion,
is the scalar partner of the nearly-massless axion. The mass of the saxion is given by a su-
persymmetry breaking soft mass and is much smaller than the PQ symmetry breaking scale.
This small mass in turn yields a relatively low phase transition temperature.
In contrast to the two conventional mechanisms, the produced axions are initially rel-
ativistic and red-shift sufficiently to be dark matter. In some of the parameter space, the
axions are still warm enough to affect structure formation by an observable amount.
There are intensive ongoing and future experimental efforts to search for the axion with
a small decay constant, such as IAXO [22, 23], TASTE [24], Orpheus [25], MADMAX [26],
ARIADNE [27, 28], and many others [29–32]. Astrophysical observations and the above
searches for the QCD axion could probe the dynamics of the PQ phase transition.
2 Late time PQ phase transition
2.1 The Model
We consider a coupling of the PQ symmetry breaking field P to new PQ charged fermions ψ
and ψ¯,
L = yPψψ¯ + h.c.. (2.1)
The new fermions may be identified with the hidden quarks of the KSVZ model [33, 34]. This
coupling gives a thermal potential to P ,
VT = V (P ) + Vth(P, T ), (2.2)
where V is the vacuum potential of P . In a typical second-order phase transition, the thermal
potential can be expanded about |P |/T  1 to get the thermal mass and higher corrections:
Vth(P, T ) = y
2T 2|P |2 + · · · . (2.3)
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The critical temperature Tc is then defined as the temperature at which the curvature of the
potential about the origin vanishes. If the vacuum potential has the form V = −m2|P |2 + · · · ,
Tc =
m
y
, (2.4)
We define a late time phase transition as a phase transition that satisfies m  fa so that
Tc  fa.
While a late time phase transition may seem fine-tuned, the above hierarchy is typically
encountered in supersymmetric theories where PQ symmetry breaking scales much larger than
the mass m are naturally obtained through the stabilization of P by a higher dimensional
interaction [35],
V =
(
2n−2m2s
n(n− 1)f2n−2a
)
|P |2n − m
2
s
2n− 2 |P |
2 +
m2sf
2
a
4n
(2.5)
with n > 2, or through the renormalization group running of the soft mass of P [36],
V =
m2s
2
|P |2
(
ln
2|P |2
f2a
− 1
)
+
1
4
m2sf
2
a . (2.6)
The parameters of these potentials have been chosen such that the saxion mass around the
vacuum is ms (∼ m), the vacuum expectation value of |P | is fa/
√
2, and the vacuum energy
at the minimum of the potential vanishes.
2.2 The phase transition and thermal inflation
A late time phase transition does not proceed via a first- or second-order phase transition.
Since ms  fa, the high temprature expansion is insufficient at Tc and one must follow the
evolution of the total thermal potential as the temperature decreases. At high temperatures,
T 4  m2sf2a , the origin is an absolute minimum. For T 4 < m2sf2a , on the other hand, the
minimum at the origin is a local, metastable minimum until Tc. The scalar field P is trapped
at the origin by the dip formed by the thermal correction. This is schematically displayed
in Fig. 1. One might assume that the phase transition is then first order and proceeds via
bubble nucleation. However, the numerical results of [39] find that a slightly different process
occurs. Before the quantum tunneling rate becomes effective enough for bubble percolation,
thermal fluctuations of P are large enough to cause the phase transition. For a weak Yukawa
coupling, y . 0.1, this is found to occur for a temperature within a sub percent of Tc [39].
For both of the potentials above, the PQ symmetry breaking field at the origin has a
potential energy density V (0) ∝ m2sf2a . This is larger than the radiation energy density at
Tc, ρrad =
pi2
30 g∗T
4
c , if
y &
√
ms
fa
, (2.7)
which we assume in the following. The case with smaller y can be analyzed in a similar
manner. Since the potential energy dominates, a period of so-called thermal inflation [37, 38]
occurs with a Hubble scale HPT ∝ msfaMPl before the phase transition.
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)/V(0
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Figure 1: The solid black line is the vacuum potential of P as given in Eq. (2.5) with n = 3.
The solid red line is the thermal correction to the vacuum potential that has been exaggerated
to emphasize the structure. The blue line is the sum of the vacuum potential and exaggerated
thermal potential.
2.3 Axions from inhomogeneity
Just after the phase transition, the configuration of the PQ symmetry breaking field is in-
homogeneous. Under a normal second-order phase transition, the correlation length of the
configuration is determined by the Kibble-Zurek mechanism [40, 41]. However, our scenario
differs from this mechanism. As discussed above, [39] finds that the phase transition occurs
by thermal fluctuations at a temperature T > Tc. In order to estimate the correlation length
of the inhomogeneous configuration, we assume the weak coupling scenario of [39] so that the
phase transition occurs at Ts = αTc, where 0 < α − 1 < 10−2. The correlation length of the
scalar field P at Ts is
ξs =
1
ms
( |Ts − Tc|
Tc
)−1/2
= m−1s |1− α|−1/2 (2.8)
Since the field is correlated on the length scale ξs, we can draw an analogy with the Kibble-
Zurek mechanism and expect typically one cosmic string per correlation length volume, ξ3s ,
with energy density f2a/ξ
2
s . The gradient energy density of the inhomogeneity is f
2
a/ξ
2
s . Typ-
ically one cosmic string per correlation length volume, ξ3s , exists with energy density f
2
a/ξ
2
s .
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The inhomogeneous configuration is quickly homogenized until the correlation length
becomes as large as the horizon size. The gradient and string energy should be emitted
as axions with typical wavelength ξs. The number density of axions produced from the
inhomogeneity is then
ninha ∼
f2a
ξs
= msf
2
a |1− α|1/2. (2.9)
The potential energy density m2sf
2
a is converted into the oscillation energy of the saxion, which
subsequently red-shifts in proportion to the inverse cube of the scale factor of the universe. We
thus normalize the number density of axions by the energy density of the saxion oscillation,
na/ρs, which does not change under red-shifting. For axions coming from the inhomogeneity,
ninha
ρs
=
1
ms
|1− α|1/2. (2.10)
As we will see in the next section, however, axions produced from the inhomogeneity are
subdominant.
3 Axions from parametric resonance
3.1 Axion Production
The axion population produced by cosmic strings is supplemented and surpassed by a second
production mechanism - parametric resonance [18–21]. After the phase transition, the saxion
oscillates with an amplitude on the order of fa and induces a time-dependent dispersion
relation in the equation of motion for axion modes. In certain momentum bands, the axion
mode solutions feature instabilties that grow exponentially in time. These modes then yield
the axion population produced by the non-perturbative process of parametric resonance.
The production rate of axions via parametric resonance is as large as the frequency of
the oscillations ∼ ms, since that is the only energy scale appearing in the equation of motion
of axions. This is explicitly shown in Appendix A, where we display that the rate of axion
production is ms times an O(1) constant (Fig. 3). By comparing this axion production rate
with the Hubble rate ∼ ms(fa/MPl)  ms, we see that the parametric resonance process is
very efficient.
Parametric resonance preferentially creates axions with momenta ka ∼ ms/2 and con-
tinues until the newly produced axion energy density is roughly equal to the initial saxion
energy density, which is just the potential energy at the origin V (0) ∝ m2sf2a . We label this
second contribution to the axion density as nPRa , so that
nPRa
ρs
' m
2
sf
2
a
ms
1
m2sf
2
a
=
1
ms
. (3.1)
For saxion oscillations with an amplitude of the order of fa, saxion fluctuations are also
produced by parametric resonance and obtain a number density similar to the one in Eq. (3.1).
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Comparing Eqs. (2.10) and (3.1), we see that the parametric resonance axions are the
dominant contribution to the axion population. In what follows, we only take into account the
parametric resonance axions. With this, one finds that the axion number density normalized
by the entropy density s is
Ya =
na
s
=
na
ρs
ρs
s
' TRH
ms
, (3.2)
where TRH is the reheat temperature by the dissipation of the saxion oscillation and fluctua-
tions after the thermal inflation. To obtain the axion dark matter abundance
Y DMa =
1
ma
ρDM
s
= 70
(
fa
109 GeV
)
, (3.3)
the reheat temperature TRH must be above
TDM ' 0.7 GeV
( ms
10 MeV
)( fa
109 GeV
)
. (3.4)
If TRH is higher than this value, axions are overproduced, but the introduction of extra
entropy production from heavy fields can generate the correct abundance. Obtaining this
reheat temperature is discussed below.
3.2 Validity of Parametric Resonance Scenario
One might be concerned that the inhomogeneity caused by the phase transition could ruin
the parametric resonance process, which requires coherent oscillations. We do not anticipate
that this is the case since the wavelengths in the resonance band are ∼ 1/ms, which is much
shorter than the length scale on which the PQ symmetry breaking field is correlated, ξs.
Hence the oscillations are effectively coherent for the modes in the resonance band.
The above scenario could also be affected if energy from the saxion oscillations is drained
into Standard Model fields. This is only a concern if the rate of energy loss to Standard
Model fields is comparable to ms, the rate of axion production from parametric resonance.
The saxion coupling to gluons gives a thermalization rate [42, 43]
Γgluon
ms
=
(
A
α23T
3
f2a
)
1
ms
. Aα23
√
ms
fa
 1, (3.5)
where A is an O(10−3) constant and we used an inequality T 4 . m2sf2a . Thus the energy
loss to the Standard Model through gluons is negligible during parametric resonance. Non-
perturbative production of gluons is ineffective due to the loop-suppressed coupling between
gluons and saxions. The thermal mass of the gluon further reduces the effectiveness of non-
perturbative production.
In the sequel, we consider a saxion-Higgs mixing that provides a second avenue for en-
ergy loss to Standard Model fields. The ratio of the thermalization rate from the coupling
λS2H†H [42] to ms is
ΓHiggs
ms
=
(
λ2f2a
T
)
1
ms
. 10
−8m4H
f
1/2
a m
3/2
s v2EW
, (3.6)
– 6 –
where mH = 125 GeV and vEW = 246 GeV. We have used the experimental upper bound
θ . 10−4 [44] on the mixing angle θ ∼ λfavEW
m2H
. The last quantity in Eq. (3.6) is much
smaller than unity in the viable space discussed below and we conclude that this process is
also ineffective. Higgs particles can be produced by parametric resonance, but the produced
Higgses are immediately dissipated by decays or scatterings with the thermal bath, and so
the Bose-enhancement necessary for efficient parametric resonance is absent. From these
results we see that our scenario of parametric resonance is not spoiled by interactions with
the Standard Model.
4 Model Constraints
4.1 Axion Warmness
The axions are produced relativistically and may behave as warm dark matter. To be concrete,
we consider a specific model with the PQ potential in Eqs. (2.5) or (2.6). The expressions
in the following depend on the potential, but a similar analysis can be performed for more
general potentials.
To estimate the warmness, we first note that the ratio between the axion momentum, ka,
and the cube root of the axion number density, n
1/3
a , is constant throughout the evolution of
the universe,
ka
n
1/3
a
=
(n
2
) 1
3
(
ms
fa
) 2
3
, (4.1)
where n is an integer larger than 2 in Eq. (2.5) or 1 for the potential in Eq. (2.6). Here
it is assumed that half of the potential energy of the saxion is transferred into axions with
momenta ka = ms/2. Using the observed dark matter abundance to fix na relative to the
entropy density s, we obtain
va ' 6× 10−4n1/3
(
fa
109 GeV
) 2
3 ( ms
GeV
) 2
3
(
T
eV
)
(4.2)
for the velocity of the axions at temperature T . We have assumed T  MeV to express the
entropy density in terms of T . In Fig. 2, we show contours of the axion velocity at T = 1 eV
for n = 3.
The constraint on the warmness of dark matter is frequently estimated for a model
where dark matter consists of a massive Weyl fermion with mass mWDM that decouples while
relativistic and is later diluted. In such a model, the typical velocity of dark matter, vWDM,
at temperature T is given by
vWDM =
kWDM
mWDM
' 10−4
(
T
1 eV
)(
3.3 keV
mWDM
) 4
3
. (4.3)
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This result, combined with the warm dark matter mass bound, mWDM > 3.3 keV [45], yields
the generic velocity bound of v < 10−4 at T = 1 eV. This warmness bound imposes the
following constraint on the saxion mass
ms<∼ 30 MeV
(
3
n
) 1
2
(
109 GeV
fa
)
. (4.4)
The green shaded region in Fig. 2 is disfavored by this constraint. Future observations of
21cm lines can probe mWDM < 10-20 keV [46], which corresponds to va
>∼ 10−5 at T = 1 eV,
as indicated by the arrow in Fig. 2. For convenience, we provide the correspondence between
the mass of this fermionic dark matter and the parameters of our model,
mWDM ↔ 0.8 keV
n1/4
(
109 GeV
fa
) 1
2
(
GeV
ms
) 1
2
. (4.5)
10 -6
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lines
v
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Figure 2: Constraints on the saxion mass ms and the axion decay constant fa.
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4.2 Stellar Cooling
In addition to the warmness bound, we consider constraints from the cooling of red giant
(RG) and horizontal branch (HB) stars [47–49] by the emission of saxions. We follow the
analysis performed in [50, 51]. For RG and HB stars, one must demand that the energy
transport by new particles with effective nucleon couplings not exceed 10 erg g−1s−1. These
constraints are displayed as the blue region in Fig. 2 labeled as “RG & HB”.
4.3 SN1987A and Neff
The orange shaded and dashed excluded parameter regions in Fig. 2 labeled “SN1987A or
Neff” arise from the SN1987A constraint of [52], as well as the constraint on the effective
number of relativistic degrees of freedom Neff [53]. For SN1987A, the energy loss should not
exceed 1019 erg g−1s−1. This leads to the boundary of the orange shaded region as well as
the orange dashed curve. If one takes the SN1987A constraint on energy loss directly, the
region below the orange dashed curve would be excluded. However, if one assumes a coupling
between the saxion and Standard Model Higgs of the form λS2H†H, then the saxion enters
the so-called trapping regime and the SN1987A constraint does not apply and the region
below the dashed orange curve is permitted. To be in the traping regime, the saxion-Higgs
mixing angle θ ∼ λfavEW
m2H
must be larger than ∼ 10−4.5 [44]. The orange shaded region
remains constrained since the mixing keeps the saxion in thermal equilibrium with electrons
even after neutrinos decouple in the early universe. Hence the depletion of the saxion energy
heats up photons, resulting in Neff < 3. Assuming that neutrinos suddenly decouple at T ' 2
MeV, we determine a lower bound on the saxion mass of ms
>∼ 4 MeV. The purple shaded
region is the bound related to axions arising from SN1987A [54–58]. We also note that there
is at least an order of magnitude uncertainty in the SN1987A constraints [59–64]. This could
lead to a larger parameter space. The saxion-Higgs mixing results in rare decays of Kaons. As
shown in [44], the large mixing in the trapping regime can be probed by NA62 and KLEVER
experiments [65, 66].
4.4 Saxion Thermalization
The saxion should be thermalized at or above the temperature TDM in Eq. (3.4). We consider
the case where the PQ symmetry breaking field P couples to a pair of new fermions f and f¯
via the Yukawa coupling
L = µ
fa
Pff¯ , (4.6)
where µ is the mass of the fermion. For T > µ, the saxion thermalizes with a rate '
0.1Tµ2/f2a [42, 67], leading to a reheating temperature
TRH ' 100 GeV
( µ
100 GeV
)2(109 GeV
fa
)2
. (4.7)
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If the fermion is charged under the Standard Model gauge group, the mass µmust be above 100
GeV. However, This reheating temperature is larger than the lower bound given in Eq. (3.4)
above, and more than enough axion dark matter is produced. TRH = TDM can be obtained
through thermalization from coupling the saxion with Standard Model particles or with par-
ticles that are neutral under the Standard Model gauge group. Note that too much dark
radiation is produced if the new fermions introduced in Eq. (4.6) have masses below O(10)
MeV. If the fermion mass µ required to produce the dark matter abundance is below O(10)
MeV, one must fix the fermion mass to be larger than this scale and introduce additional
entropy production to dilute the overproduced axions.
4.5 Axion Thermalization
Axions produced in our model are never thermalized. The thermalization rate of an axion is
suppressed by the decay constant and the momentum of the axion [68],
Γa = b
k2a
f2a
T, (4.8)
where b is a constant which depends on the axion coupling. If the axion couples to gluons, b
is loop-suppressed and is as small as 10−5. If instead the axion couples to a light fermion in
the thermal bath, b may be as large as O(1). During the matter dominated era by the saxion
oscillation, ka/ρ
1/3
s remains constant. The momentum of axions is then given by
ka '
(
msρs
f2a
) 1
3
. (4.9)
The energy density of the thermal bath never exceeds that of the saxion. Hence the thermal-
ization rate is bounded from above,
Γa < b
m
2/3
s ρ
11/12
s
f
10/3
a
. (4.10)
The ratio between the thermalization rate and the Hubble expansion rate is
Γa
H
< b
m
2/3
s ρ
5/12
s MPl
f
10/3
a
< b
m
3/2
s MPl
f
5/2
a
(4.11)
where the last inequality is saturated right after the phase transition. In the region of param-
eter space that produces sufficiently cold axion dark matter, the axions are never thermalized.
One can see that the late-time phase transition is crucial. If the mass ms is as large as fa, the
thermalization is effective. After the saxion decays and the radiation dominated era begins,
the thermalization rate decreases faster than the Hubble expansion rate and the thermaliza-
tion of the axions never becomes efficient.
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5 Discussion
We have investigated a production mechanism for QCD axion dark matter associated with
PQ symmetry breaking at a low temperature. We find that axions are primarily produced
by parametric resonance via oscillations of the PQ symmetry breaking field. The low phase
transition temperature fits naturally in supersymmetric theories.
The axions produced by this mechanism tend to be warm. The prediction on axion
warmness is shown in Fig. 2 and constrains the allowed parameter space. Future observations
of 21cm lines will probe the parameter space further. Discovery of the QCD axion in labo-
ratories and the determination of dark matter warmness by astrophysical observations will
suggest that axion dark matter was produced by parametric resonance.
Fig. 2 is one of the primary results of this paper and contains information beyond the
warmness constraint. As outlined above, one also has bounds from energy loss in RG and HB
stars and supernovae by saxion emission, as well as axion emission in the supernovae case. We
note that our parameter space easily allows for rather low values of the axion decay constant,
particularly if strong saxion-Higgs coupling occurs to trap saxions inside the supernova core,
or if the traditional SN1987A bound is loosened. The region with large saxion-Higgs mixing
can be probed by observations of rare Kaon decays.
There are several uncertainties in our estimation of the warmness. First, we have assumed
that half of the energy density of the saxion oscillation is transferred into axions. In reality the
transferred fraction will not be exactly half. Second, we have assumed that the momentum as
well as the number density of the axions decrease only by the cosmic expansion. However, the
momentum/number density can slowly increase/decrease by axion self interactions, see [69]
for a related discussion. These two effects will change the prediction on axion velocity by an
O(1-10) factor. Whether or not the whole parameter space can be probed depends on these
uncertainties, which can be fixed by numerical computation.
We list other known mechanisms to produce axion dark matter for fa  1011 GeV:
1)axion emission from long-lived topological defects which collapse via explicit PQ symmetry
breaking [11, 70–73], 2)parametric resonant production of axions from oscillations of the
saxion with a large initial field value [74], 3)a misalignment angle fine-tuned to be close to
pi [75–77], 4)dynamical mechanisms that set the misalignment angle close to pi [78, 79], 5)the
misalignment mechanism with non-standard cosmology [80], and 6)delayed oscillations of the
axion field because of a non-zero kinetic energy of the axion field [81, 82]. Among them, 2)
can also produce warm axions, but the produced axions are much colder than our mechanism
for a given (ms, fa). We also note that the large field value assumed in [74] requires that
the potential be flat for large field values and is therefore incompatible with the potential in
Eq. (2.5).
Our axion production mechanism involves a PQ symmetry breaking field that is initially
trapped at the origin. We may consider a generic situation where a PQ symmetry breaking
field is trapped at some other point in field space and later begins to oscillate with a large
– 11 –
amplitude. One example is a model with the superpotential
W = λX(PP¯ − V 2PQ), (5.1)
where P and P¯ are PQ symmetry breaking fields and X is a chiral multiplet that fixes them
on the moduli space PP¯ = V 2PQ. The moduli space is lifted by additional superpotential
terms that spontaneously break supersymmetry [83–85], or by the soft masses of P and P¯ .
Ref. [86] investigates the trapping of the PQ symmetry breaking fields on the moduli space by
a thermal potential and finds that oscillations occur in some region of the parameter space.
Axions should then be produced via parametric resonance in this setup as well.
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A Parametric Resonance
In this appendix, we numerically study the process of parametric resonance for our model.
To be concrete, let us consider the potential in Eq. (2.5) with n = 3. We decompose the PQ
symmetry breaking field as
P =
1√
2
(fa + s (t) + σ (t, x) + ia (t, x)) , (A.1)
where s is a zero mode and σ and a are saxion and axion fluctuations, respectively. The
linearized equation of motion of the axion in a mode k is
a¨k +
(
k2 +
m2s
fa
s+
3m2s
2f2a
s2 +
m2s
f3a
s3 +
m2s
4f4a
s4
)
ak = 0. (A.2)
For a small saxion oscillation amplitude, a quadratic approximation can be used to give the
saxion profile, s = S0 sin(mst), and Eq. (A.2) can be transformed into the Mathieu equation
for the axion with a wave number k,
a′′k(z) + (Ak − 2q cos (2z)) ak(z) = 0 (A.3)
where mst = 2z−pi/2, Ak = 4k2/m2s, and q = 2S0/fa. For certain values of (Ak, q), the mode
solutions exhibit exponential growth of the form ak ∼ exp (µ (k)mst) [21], where µ(k) is the
so-called Floquet index.
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Figure 3: Floquet indices for axion (top) and saxion (bottom) modes with a background
saxion amplitude of 0.8fa.
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Since the amplitude of the saxion oscillations is as large as fa, the quadratic approxima-
tion may not be valid and so we numerically solve the saxion zero mode’s nonlinear equation
of motion, which is given in this case by
s¨+
(
m2s
4f4a
s4 +
5m2s
4f3a
s3 +
5m2s
2f2a
s2 +
5m2s
2fa
s+m2s
)
s = 0. (A.4)
The profile determined from this equation of motion is then used to examine the growth of
axion modes. This process can also be done for saxion perturbation modes σk, which have
the equation of motion
σ¨k +
(
k2 +m2s +
5m2s
fa
s+
15m2s
2f2a
s2 +
5m2s
f3a
s3 +
5m2s
4f4a
s4
)
σk = 0. (A.5)
The numerical results for the indices µ(k) for both the axion and saxion are displayed in
Fig. 3. The axion and the saxion have similar index profiles and both plots feature a sharp
peak at the mode k ' ms/2.
References
[1] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976).
[2] C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006), arXiv:hep-ex/0602020 [hep-ex] .
[3] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).
[4] R. D. Peccei and H. R. Quinn, Phys. Rev. D16, 1791 (1977).
[5] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[6] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[7] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B, 127 (1983).
[8] L. F. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).
[9] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[10] R. L. Davis, Phys. Lett. B180, 225 (1986).
[11] M. Kawasaki, K. Saikawa, and T. Sekiguchi, Phys. Rev. D91, 065014 (2015), arXiv:1412.0789
[hep-ph] .
[12] V. B. Klaer and G. D. Moore, JCAP 1711, 049 (2017), arXiv:1708.07521 [hep-ph] .
[13] M. Buschmann, J. W. Foster, and B. R. Safdi, (2019), arXiv:1906.00967 [astro-ph.CO] .
[14] M. Gorghetto, E. Hardy, and G. Villadoro, JHEP 07, 151 (2018), arXiv:1806.04677 [hep-ph] .
[15] M. Kawasaki, T. Sekiguchi, M. Yamaguchi, and J. Yokoyama, PTEP 2018, 091E01 (2018),
arXiv:1806.05566 [hep-ph] .
[16] C. J. A. P. Martins, Phys. Lett. B788, 147 (2019), arXiv:1811.12678 [astro-ph.CO] .
[17] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, and J. Urrestilla, (2019), arXiv:1908.03522
[astro-ph.CO] .
– 14 –
[18] J. H. Traschen and R. H. Brandenberger, Phys. Rev. D42, 2491 (1990).
[19] L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. Lett. 73, 3195 (1994),
arXiv:hep-th/9405187 [hep-th] .
[20] Y. Shtanov, J. H. Traschen, and R. H. Brandenberger, Phys. Rev. D51, 5438 (1995),
arXiv:hep-ph/9407247 [hep-ph] .
[21] L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. D56, 3258 (1997),
arXiv:hep-ph/9704452 [hep-ph] .
[22] J. K. Vogel et al. (2013) arXiv:1302.3273 [physics.ins-det] .
[23] E. Armengaud et al., JINST 9, T05002 (2014), arXiv:1401.3233 [physics.ins-det] .
[24] V. Anastassopoulos et al. (TASTE), JINST 12, P11019 (2017), arXiv:1706.09378 [hep-ph] .
[25] G. Rybka, A. Wagner, A. Brill, K. Ramos, R. Percival, and K. Patel, Phys. Rev. D91, 011701
(2015), arXiv:1403.3121 [physics.ins-det] .
[26] A. Caldwell, G. Dvali, B. Majorovits, A. Millar, G. Raffelt, J. Redondo, O. Reimann, F. Simon,
and F. Steffen (MADMAX Working Group), Phys. Rev. Lett. 118, 091801 (2017),
arXiv:1611.05865 [physics.ins-det] .
[27] A. Arvanitaki and A. A. Geraci, Phys. Rev. Lett. 113, 161801 (2014), arXiv:1403.1290 [hep-ph]
.
[28] A. A. Geraci et al., Springer Proc. Phys. 211, 151 (2018), arXiv:1710.05413 [astro-ph.IM] .
[29] P. Sikivie, Phys. Rev. Lett. 113, 201301 (2014), arXiv:1409.2806 [hep-ph] .
[30] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg, Phys. Rev. X8, 041001 (2018),
arXiv:1709.05354 [hep-ph] .
[31] M. Baryakhtar, J. Huang, and R. Lasenby, Phys. Rev. D98, 035006 (2018), arXiv:1803.11455
[hep-ph] .
[32] M. Lawson, A. J. Millar, M. Pancaldi, E. Vitagliano, and F. Wilczek, Phys. Rev. Lett. 123,
141802 (2019), arXiv:1904.11872 [hep-ph] .
[33] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).
[34] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B166, 493 (1980).
[35] H. Murayama, H. Suzuki, and T. Yanagida, Phys. Lett. B291, 418 (1992).
[36] P. Moxhay and K. Yamamoto, Phys. Lett. 151B, 363 (1985).
[37] K. Yamamoto, Phys. Lett. 168B, 341 (1986).
[38] D. H. Lyth and E. D. Stewart, Phys. Rev. D53, 1784 (1996), arXiv:hep-ph/9510204 [hep-ph] .
[39] T. Hiramatsu, Y. Miyamoto, and J. Yokoyama, JCAP 1503, 024 (2015), arXiv:1412.7814
[hep-ph] .
[40] T. W. B. Kibble, J. Phys. A9, 1387 (1976).
[41] W. H. Zurek, Nature 317, 505 (1985).
[42] K. Mukaida and K. Nakayama, JCAP 1301, 017 (2013), arXiv:1208.3399 [hep-ph] .
[43] D. Bodeker, JCAP 0606, 027 (2006), arXiv:hep-ph/0605030 [hep-ph] .
– 15 –
[44] J. Beacham et al., (2019), arXiv:1901.09966 [hep-ex] .
[45] M. Viel, G. D. Becker, J. S. Bolton, and M. G. Haehnelt, Phys. Rev. D88, 043502 (2013),
arXiv:1306.2314 [astro-ph.CO] .
[46] M. Sitwell, A. Mesinger, Y.-Z. Ma, and K. Sigurdson, Mon. Not. Roy. Astron. Soc. 438, 2664
(2014), arXiv:1310.0029 [astro-ph.CO] .
[47] G. G. Raffelt, Stars as laboratories for fundamental physics (1996).
[48] J. A. Grifols and E. Masso, Phys. Lett. B173, 237 (1986).
[49] J. A. Grifols, E. Masso, and S. Peris, Mod. Phys. Lett. A4, 311 (1989).
[50] E. Hardy and R. Lasenby, JHEP 02, 033 (2017), arXiv:1611.05852 [hep-ph] .
[51] S. Knapen, T. Lin, and K. M. Zurek, Phys. Rev. D96, 115021 (2017), arXiv:1709.07882
[hep-ph] .
[52] N. Ishizuka and M. Yoshimura, Prog. Theor. Phys. 84, 233 (1990).
[53] N. Aghanim et al. (Planck), (2018), arXiv:1807.06209 [astro-ph.CO] .
[54] J. R. Ellis and K. A. Olive, Phys. Lett. B193, 525 (1987).
[55] G. Raffelt and D. Seckel, Phys. Rev. Lett. 60, 1793 (1988).
[56] M. S. Turner, Phys. Rev. Lett. 60, 1797 (1988).
[57] R. Mayle, J. R. Wilson, J. R. Ellis, K. A. Olive, D. N. Schramm, and G. Steigman, Phys. Lett.
B203, 188 (1988).
[58] G. G. Raffelt, Lect. Notes Phys. 741, 51 (2008), arXiv:hep-ph/0611350 [hep-ph] .
[59] C. Hanhart, D. R. Phillips, and S. Reddy, Phys. Lett. B499, 9 (2001), arXiv:astro-ph/0003445
[astro-ph] .
[60] C. Hanhart, D. R. Phillips, S. Reddy, and M. J. Savage, Nucl. Phys. B595, 335 (2001),
arXiv:nucl-th/0007016 [nucl-th] .
[61] E. Rrapaj and S. Reddy, Phys. Rev. C94, 045805 (2016), arXiv:1511.09136 [nucl-th] .
[62] J. H. Chang, R. Essig, and S. D. McDermott, JHEP 01, 107 (2017), arXiv:1611.03864 [hep-ph] .
[63] P. Carenza, T. Fischer, M. Giannotti, G. Guo, G. Martinez-Pinedo, and A. Mirizzi, (2019),
arXiv:1906.11844 [hep-ph] .
[64] N. Bar, K. Blum, and G. D’amico, (2019), arXiv:1907.05020 [hep-ph] .
[65] E. Cortina Gil et al. (NA62), JINST 12, P05025 (2017), arXiv:1703.08501 [physics.ins-det] .
[66] F. Ambrosino et al. (KLEVER Project), (2019), arXiv:1901.03099 [hep-ex] .
[67] M. Bastero-Gil, A. Berera, and R. O. Ramos, JCAP 1109, 033 (2011), arXiv:1008.1929
[hep-ph] .
[68] T. Moroi, K. Mukaida, K. Nakayama, and M. Takimoto, JHEP 11, 151 (2014),
arXiv:1407.7465 [hep-ph] .
[69] R. Micha and I. I. Tkachev, Phys. Rev. Lett. 90, 121301 (2003), arXiv:hep-ph/0210202 [hep-ph]
.
– 16 –
[70] T. Hiramatsu, M. Kawasaki, and K. Saikawa, JCAP 1108, 030 (2011), arXiv:1012.4558
[astro-ph.CO] .
[71] T. Hiramatsu, M. Kawasaki, K. Saikawa, and T. Sekiguchi, JCAP 1301, 001 (2013),
arXiv:1207.3166 [hep-ph] .
[72] A. Ringwald and K. Saikawa, Phys. Rev. D93, 085031 (2016), [Addendum: Phys.
Rev.D94,no.4,049908(2016)], arXiv:1512.06436 [hep-ph] .
[73] K. Harigaya and M. Kawasaki, Phys. Lett. B782, 1 (2018), arXiv:1802.00579 [hep-ph] .
[74] R. T. Co, L. J. Hall, and K. Harigaya, Phys. Rev. Lett. 120, 211602 (2018), arXiv:1711.10486
[hep-ph] .
[75] M. S. Turner, Phys. Rev. D33, 889 (1986).
[76] D. H. Lyth, Phys. Rev. D45, 3394 (1992).
[77] K. Strobl and T. J. Weiler, Phys. Rev. D50, 7690 (1994), arXiv:astro-ph/9405028 [astro-ph] .
[78] R. T. Co, E. Gonzalez, and K. Harigaya, JHEP 05, 163 (2019), arXiv:1812.11192 [hep-ph] .
[79] F. Takahashi and W. Yin, (2019), arXiv:1908.06071 [hep-ph] .
[80] L. Visinelli and P. Gondolo, Phys. Rev. D81, 063508 (2010), arXiv:0912.0015 [astro-ph.CO] .
[81] R. T. Co and K. Harigaya, (2019), arXiv:1910.02080 [hep-ph] .
[82] R. T. Co, L. J. Hall, and K. Harigaya, (2019), to appear.
[83] L. M. Carpenter, M. Dine, and G. Festuccia, Phys. Rev. D80, 125017 (2009), arXiv:0906.1273
[hep-th] .
[84] L. M. Carpenter, M. Dine, G. Festuccia, and L. Ubaldi, Phys. Rev. D80, 125023 (2009),
arXiv:0906.5015 [hep-th] .
[85] K. Harigaya and J. Leedom, Nucl. Phys. B921, 507 (2017), arXiv:1702.00401 [hep-ph] .
[86] T. Moroi and M. Takimoto, Phys. Lett. B718, 105 (2012), arXiv:1207.4858 [hep-ph] .
– 17 –
